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observations and assessment of the stress-strain models 26 
Abstract: This study provides new insight on the compressive behaviour of partially fibre 27 
reinforced polymer (FRP) confined concrete with either strain-hardening or strain-softening 28 
responses. Fully FRP confined concrete, partially FRP confined concrete with different strip 29 
gaps, and unconfined concrete were tested under axial compression. Four types of axial load-30 
axial deformation behaviours were observed for specimens with different strip gaps. Even 31 
though a high volumetric ratio of FRP was applied, the confinement effectiveness was 32 
negligible when the strip gap exceeded the diameter of the specimens. Moreover, the axial 33 
stress-axial strain behaviours of wrapped and non-wrapped concrete were observed to be 34 
different, and significant strain localization was observed within the non-wrapped region. 35 
Based on the experimental observations and an extensive literature review, a confinement 36 
effectiveness coefficient was proposed for partially FRP confined concrete. A stress-strain 37 
model was then developed by considering the proposed confinement effectiveness coefficient. 38 
The developed stress-strain model provided better predictions than other existing stress-strain 39 
models.  40 
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1. INTRODUCTION  45 
Due to the advantages of high strength and stiffness to weight ratios as well as superior 46 
corrosion resistance, fibre reinforced polymer (FRP) has been extensively used in recent years 47 
to improve the compressive, flexural, and shear behaviours of concrete members [1-6]. One 48 
popular application of FRP is to provide confinement to concrete columns [7-15]. Both 49 
experimental and analytical studies have proven that the FRP confinement can enhance the 50 
strength and ductility of concrete under compressive loadings. Several stress-strain models 51 
were developed for FRP confined concrete for circular or non-circular sections [1-2, 16-17], 52 
which led to an adequate understanding of the compressive behaviour of FRP confined concrete.  53 
 54 
Even though many studies were conducted on fully FRP confined concrete, only a small 55 
number of studies focused on partially FRP confined concrete [11, 18-22]. Partial FRP 56 
wrapping onto concrete columns requires less FRP material and can be applied easier and faster 57 
than full FRP wrapping [20]. Also, for existing deficient concrete columns with sparse steel 58 
ties, the performance of the columns is expected to be improved by partial FRP wrapping in 59 
between the sparse steel ties, since the local buckling of longitudinal steel bars can be 60 
effectively constrained [21]. Moreover, partial FRP wrapping onto the deteriorated part of the 61 
existing concrete columns can significantly increase the ultimate capacities of the columns 62 
without the necessity of wrapping FRP throughout the whole column [23].  63 
 64 
Even though partial FRP wrapping has been considered promising in some applications, there 65 
is a lack of knowledge on the compressive behaviour of partially FRP confined concrete. Most 66 
of the existing studies were mainly focused on the compressive behaviour of partially FRP 67 
confined concrete with relatively small FRP strip gaps, in which case a strain-hardening 68 
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response is more likely to occur. Only a few studies provided adequate information on partially 69 
FRP confined concrete with strain-softening response [11, 20-21]. On the other hand, it is 70 
widely accepted that the confinement effectiveness of partially FRP confined concrete is less 71 
than that of fully FRP confined concrete [20-21]. Several studies adopted a confinement 72 
effectiveness coefficient, ek , to account for the reduced confinement effect for partially 73 
confined concrete [11, 18-21, 24, 25]. Different ek values were suggested in several studies. 74 
The suggested ek  values were obtained mostly based on the regression analysis of test results 75 
from steel confined concrete [26-29]. Therefore, direct application of the suggested ek values 76 
may be inappropriate for concrete confined with FRP. Moreover, the mainstream design 77 
standards regarding FRP confined concrete do not provide predictions of the ultimate strength 78 
and ultimate strain for partially FRP confined concrete [30-32]. The FIB [33] suggested a 79 
stress-strain model to predict the performance of partially FRP confined concrete, which was 80 
proposed by Spoelstra and Monti in 1999 [34]. Afterwards, a significant amount of research 81 
on FRP confinement was carried out in recent years and more accurate stress-strain models 82 
were proposed for fully FRP confined concrete [16]. On the other hand, research on stress-83 
strain models for partially FRP confined concrete was limited [11, 20]. Therefore, research 84 
investigations for more precise stress-strain models are imperative for partially FRP confined 85 
concrete under compressive loading.  86 
 87 
This study is concerned with the compressive behaviour of partially FRP confined concrete 88 
with either strain-hardening or strain-softening responses. An experimental program was first 89 
carried out to investigate the performance of partially FRP confined concrete with varying strip 90 
gaps. The axial load-axial deformation behaviour of specimens, axial stress-axial strain 91 
behaviours of both wrapped and non-wrapped concrete was investigated. Based on the 92 
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experimental investigations and an extensive review of literature, a confinement effectiveness 93 
coefficient, ek , was proposed for partially FRP confined concrete. Afterwards, a stress-strain 94 
model was developed by considering the proposed confinement effectiveness coefficient, ek . 95 
A new database was compiled from available literature and employed to assess the existing 96 
stress-strain models of partially FRP confined concrete.  97 
 98 
2. EXPERIMENTAL PROGRAM  99 
2.1 Design of Experiments 100 
A total of 18 concrete specimens with 100 mm diameter and 200 mm height were cast and 101 
tested under axial compression. Fully FRP confined concrete, partially FRP confined concrete 102 
with different strip gaps in the middle of the specimens (strip gap =s 25 mm, 35 mm, 50 mm, 103 
75 mm, 100 mm, 125 mm, and 150 mm), and unconfined concrete were tested. The detailed 104 
FRP wrapping configurations are shown in Fig. 1. It is noted that this partial FRP wrapping 105 
configuration was different from a typical implementation of partial FRP wrapping, where 106 
discrete or continuous FRP strips were wrapped around the circumference of specimens. 107 
However, this partial wrapping configuration was used in Campione et al. [19] and reliable 108 
experimental results were obtained. The volumetric ratio ( f ) of FRP was identical for both 109 
fully and partially FRP confined concrete, which was mainly to investigate the sole influence 110 
of strip gap on the confinement effectiveness of partially FRP confined concrete. For fully FRP 111 
confined concrete, three layers of carbon fibre reinforced polymer (CFRP) were wrapped with 112 
a volumetric ratio of 0.02. A high volumetric ratio of FRP was applied to ensure that the 113 
confinement effectiveness can be observed even for specimens with relatively large strip gaps. 114 
The CFRP was chosen since it can provide higher confinement than glass fibre reinforced 115 
polymer (GFRP) or aramid fibre reinforced polymer (AFRP). Also, to ensure higher 116 
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confinement, small specimens (100 mm × 200 mm) were chosen for the experiment. For each 117 
wrapping configuration, two identical concrete specimens were tested. Table 1 lists the 118 
specimens tested in this study. The specimens have been labelled as: (a) “S” and the number 119 
afterwards indicate the gap between the FRP strips; and (b) “I” or “II” indicates the order of 120 
the two identical specimens. For example, Specimen “S50-I” refers to the first specimen of 121 
partially FRP confined concrete with 50 mm strip gap.  122 
 123 
2.2 Specimen Preparation and Material Properties Tests 124 
The CFRP sheet used in this study was supplied by Nanjing Hitech Composites CO., LTD [35]. 125 
The original width of CFRP sheet was 100 mm and the thickness was 0.167 mm per layer. In 126 
order to obtain the required width of CFRP strip, each CFRP strip was precisely cut from the 127 
original CFRP sheet using a pair of scissors. First, the total number of fibre strands in the 128 
original width of CFRP sheet was counted (37 fibre strands). Second, the width of each fibre 129 
strand was calculated as the total width divided by the total number of fibre strands (2.70 mm 130 
per fibre strand). Third, the required number of fibre strands was cut from the CFRP sheet 131 
along the fibre direction based on the required width of CFRP strip. The cutting of CFRP strip 132 
from the original CFRP sheet was conducted carefully to ensure that the fibre strands along the 133 
cutting edge would not get damaged during the cutting. A measuring tape was then used to 134 
measure the required length of CFRP strip. It is noted that for specimens with large strip gaps, 135 
the required length of CFRP strips was quite large (e.g., 12 layers of CFRP strip was wrapped 136 
onto specimens with 150 mm strip gap).  137 
 138 
Normal strength concrete with a design compressive strength of 30 MPa was used for casting 139 
the specimens. The concrete was supplied by a local concrete provider with a maximum 140 
aggregate size of 10 mm. After 28 days of standard curing, the concrete specimens were 141 
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wrapped with different layers of FRP strips. A mixture of epoxy resin and hardener at a ratio 142 
of 5:1 was used as the adhesive. Before the first layer of CFRP strip was wrapped, the adhesive 143 
was evenly spread onto the surface of the specimen and then CFRP strip was wrapped onto the 144 
surface with the fibres oriented in the hoop direction. After the first layer was wrapped, the 145 
adhesive was evenly spread onto the surface of the first layer of CFRP strip and the second 146 
layer was continuously wrapped. The remaining layers of CFRP strips were wrapped in an 147 
equivalent manner. An overlap of 100 mm was ensured in the last layer of CFRP strips.   148 
 149 
Compression tests at 28 days showed that the average compressive strength of the concrete was 150 
32 MPa. The tensile properties of CFRP were tested according to ASTM D7565 [36]. Five 151 
CFRP coupons with 25 mm width and 250 mm length were prepared and tested. For each 152 
coupon, three layers of CFRP were glued together using epoxy resin. The coupons were capped 153 
at both ends by aluminium plates. Detailed description of the test can be found in Pham et al. 154 
[20]. The average nominal thickness of the coupons was 1.18 mm, and the average tensile 155 
strength of CFRP was 1674 MPa with an average ultimate strain of 0.016.  156 
 157 
2.3 Test Setup and Instrumentation 158 
To investigate the axial and hoop strain distributions of the FRP strips, strain gauges were 159 
attached onto the middle of the FRP strips and evenly distributed away from the overlap zone. 160 
The gauge length of the strain gauges was 5 mm. Two pairs of strain gauges were used for each 161 
specimen and each pair contained two strain gauges, one was attached in the axial direction 162 
and the other one was attached in the hoop direction. For fully FRP wrapped specimens, two 163 
pairs of strain gauges were attached onto the mid-height of the specimens with one pair 180° 164 
away from the other pair (Fig. 1(a)). While for partially FRP wrapped specimens, one pair of 165 
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strain gauges were attached onto the middle of the upper FRP strip and the other pair of strain 166 
gauges were attached onto the middle of the bottom FRP strip (Figs. 1(b)-(h)).  167 
 168 
The compression tests for all the specimens were conducted using the Denison 5000 kN testing 169 
machine. The specimens were capped with high-strength plaster on the top end to ensure 170 
uniform loading. Calibration was carried out to ensure that the specimens were placed at the 171 
centre of the testing machine. Two LVDTs were used to measure the deformation of the 172 
specimens in this study, as shown in Fig. 2. The tests were conducted as deflection controlled 173 
with a rate of 0.3 mm/min. The readings of the load, LVDTs, and strain gauges were recorded 174 
every second using a data logging system and were subsequently saved into a computer.  175 
 176 
3 Experimental Results and Analyses 177 
3.1 Failure Modes 178 
The failure modes of specimens with varying strip gaps are shown in Fig. 3. For fully wrapped 179 
specimens as well as partially wrapped specimens with relatively small strip gaps ( =s 25 mm, 180 
and 35 mm), the failures were caused by the rupture of FRP. While for partially wrapped 181 
specimens with relatively large strip gaps ( s 50 mm), the failures were caused by the crushing 182 
of concrete within the non-wrapped region. Inclined shear cracks were observed for partially 183 
wrapped specimens with 125 mm and 150 mm strip gaps. For partially wrapped specimens, the 184 
non-wrapped concrete began to crack and spall off after the unconfined compressive strength 185 
was approached. The non-wrapped concrete was continuously crushed, which resulted in a 186 
smaller gap between the FRP strips (Fig. 3(c)). It is also noted that for partially wrapped 187 
specimens with more than 35 mm strip gaps, the upper part of specimens could be easily 188 
removed from the specimens after the test, which indicated extensive concrete crushing within 189 
the non-wrapped region. However, the crushing of non-wrapped concrete for partially wrapped 190 
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specimens with 25 mm strip gap was not significant and remained almost intact after the failure 191 
of the specimens, which indicated sufficient confinement provided by the FRP strips to the 192 
non-wrapped concrete.    193 
 194 
3.2 Axial Load-Axial Deformation Behaviour of Specimens 195 
Table 2 reports the test results of all specimens, where the peak load uP , peak stress ccf , 196 
corresponding axial deformation u  and axial strain cc , as well as the corresponding hoop 197 
strain of FRP strips
frp,h
 , are presented. Figs. 4 (a) and (b) show the axial load-axial 198 
deformation ( −P , where P indicates the axial load and  indicates the axial deformation) 199 
behaviours of all specimens. With the increase of strip gap, the performance of partially FRP 200 
confined concrete was significantly decreased. When the strip gap was more than 50 mm, the 201 
partially FRP confined concrete experienced a strain-softening response, which indicated 202 
insufficient confinement. Furthermore, when the strip gap exceeded the diameter of the 203 
specimens ( =s 100 mm), the confinement effectiveness was negligible, as also can be seen in 204 
Figs. 4 and 5. This observation can be validated by the readings of strain gauges at the peak 205 
load for specimens with large strip gaps ( s 100 mm), as shown in Table 2. The axial and hoop 206 
strains of FRP strips at peak loads were around 0.2% and 0.04%, respectively, for specimens 207 
with 100 mm, 125 mm, and 150 mm strip gaps. As a result, the confinement effect was marginal 208 
and could not contribute to the increase in the strength. When the strip gaps were equal to or 209 
less than 50 mm, the partially FRP confined concrete experienced a strain-hardening response, 210 
and the peak load increased significantly with the decrease of strip gaps. Fully FRP confined 211 
concrete obtained the highest peak load, while Specimen “S35-I” obtained the largest axial 212 




The axial load-axial deformation behaviours of partially FRP confined concrete can be 215 
categorized into four types. For Specimens “S25-I, II”, an initial parabolic ascending branch, 216 
followed by a linear second ascending branch until failure, was observed (Type A). For 217 
Specimens “S35-I, II”, after the initial parabolic ascending branch, a linear second ascending 218 
branch was observed. Afterwards, a smooth descending branch occurred, which was mainly 219 
due to the strength degradation of non-wrapped concrete. The descending branch was then 220 
followed by a linear third ascending branch until FRP rupture (Type B). One possible 221 
interpretation for the linear third ascending branch was that the non-wrapped concrete was 222 
seriously crushed and spalled off and hence the upper and bottom parts of the wrapped concrete 223 
were closer to each other, as evidenced by Fig. 3 (c). As a result, the confinement effect became 224 
more prominent due to the reduced strip gap, thus a strain-hardening response was observed 225 
again. For specimens with Types A and B behaviours, the failures were caused by the rupture 226 
of FRP strips.  227 
 228 
For Specimens “S50-I, II”, the axial load-axial deformation behaviour was similar to that of 229 
Specimens “S35-I, II”  until reaching the peak load, after which a continuous descending 230 
branch until failure was observed (Type C). In this case, the non-wrapped concrete lost all the 231 
strength before the FRP strips could take effect again. While for specimens with relatively large 232 
strip gaps ( s 75 mm), a steep descending branch until failure was observed after the initial 233 
ascending branch (Type D). Moreover, with the decrease of strip gap, the descending branch 234 
became more gradual. The occurrence of strain-softening response indicated that the 235 
confinement provided by the FRP strips could not be activated if the strip gap was larger than 236 
75 mm. For specimens with Types C, D behaviours, the failures were caused by the crushing 237 
of non-wrapped concrete.  238 
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It should be noted that the size of the tested specimens was relatively small compared to the 239 
sizes of real columns. Although the size effect on FRP confined concrete was found 240 
insignificant in several previous studies [37-39], Jamatia and Deb [40] reported the existence 241 
of size effect on the behaviour of FRP confined concrete under axial compression. Hence, the 242 
experimental results presented in this study should be translated with caution for large-size 243 
FRP confined concrete columns. Moreover, the slenderness ratio of the specimens was 2 and 244 
the specimens were categorized as short columns. As a result, the influence of the slenderness 245 
ratio was not reflected in the test results. 246 
 247 
3.3 Axial Stress-Axial Strain Behaviour of Wrapped and Non-Wrapped Concrete  248 
The axial load-strain relationships for specimens with varying strip gaps ( =s 0 mm, 25 mm, 35 249 
mm, 50 mm, 75 mm, and 100 mm) are shown in Fig. 6. The strain distributions for specimens 250 
with more than 100 mm strip gaps were not shown in Fig. 6, as the strain distributions of those 251 
specimens ( s >100 mm) were very similar to those of unconfined concrete. Moreover, only 252 
one pair of strain gauge readings were shown in Fig. 6, since some strain gauges were damaged 253 
during the test. All the strain gauges were attached onto the middle of FRP strips to investigate 254 
the strain distributions within the wrapped region.  255 
 256 
Except for specimens with Type A behaviour ( =s 0 mm, and 25 mm), unloading occurred 257 
within the wrapped region for specimens with Types B, C, and D behaviours ( =s 35 mm, 50 258 
mm, 75 mm, and 100 mm). The slope for the unloading path was almost equal to the slope of 259 
the initial ascending curve, which indicated a linear unloading path. With the increase of strip 260 
gaps, both the axial and hoop strains within the wrapped region were significantly decreased, 261 
thus less amount of confinement could be provided by FRP strips. For specimens with Types 262 
A, B, and C behaviours ( =s 0 mm, 25 mm, 35 mm, and 50 mm), the axial and hoop strains of 263 
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FRP strips continued to increase beyond the unconfined compressive strength, indicating that 264 
sufficient confinement was provided for a strain-hardening response. In addition, the wrapped 265 
concrete was reloaded for specimens with 35 mm strip gap after the unloading (Fig. 6 (c)). For 266 
specimens with Type D behaviour ( =s 75 mm, 100 mm), the axial and hoop strains within the 267 
wrapped region were slightly increased or continuously decreased after the peak load (Figs. 6 268 
(e) and (f)). Therefore, the confinement was insufficient to sustain a strain-hardening response.  269 
 270 
The average axial strain of the specimen was continuously increased during the test (deflection 271 
controlled). Therefore, if decrease of axial strain due to unloading was observed within the 272 
wrapped region, the axial strain within the non-wrapped region must continue to increase so 273 
that the average axial strain of the specimen can experience an overall increase. Based on the 274 
above observations, the axial stress-axial strain behaviour of partially FRP confined concrete 275 
(both wrapped and non-wrapped concrete) can be divided into four distinct categories based 276 
on the types of axial load-axial deformation behaviours. For specimens with Type A axial load-277 
axial deformation behaviour, the axial stress-axial strain curve represented a typical stress-278 
strain curve which was similar to that of fully FRP confined concrete with strain-hardening 279 
response (Fig. 7 (a)). For specimens with Type B axial load-axial deformation behaviour, the 280 
wrapped concrete experienced an unloading and then reloading. The non-wrapped concrete 281 
experienced a continuous decrease in the stress (Fig. 7 (b)). Moreover, due to the strip gap 282 
reduction as mentioned above, the confinement effect was higher and thus a higher peak stress 283 
was obtained for the specimen. For specimens with Types C and D axial load-axial deformation 284 
behaviours, the wrapped concrete was unloaded while the non-wrapped concrete experienced 285 
a continuous strain softening after the peak stress. In these cases, the axial strains within the 286 
wrapped region and non-wrapped region began to vary significantly after the peak stress (Figs. 287 




With the increase of FRP strip gaps, the axial stress-axial strain curves changed from Type A 290 
to D behaviours. Moreover, it was apparent that significant strain localization occurred within 291 
the non-wrapped region for specimens with Types B to D behaviours. Due to the lack of 292 
sufficient data, the possibility of strain localization for specimens with Type A behaviour was 293 
not verified. However, it is believed that strain localization also occurred for specimens with 294 
Type A behaviour. This can be qualitatively described by the fact that after the unconfined 295 
concrete strength was reached, non-wrapped concrete began to crack and spall off; therefore, 296 
the effective cross section area of non-wrapped concrete was decreased. On the other hand, the 297 
applied load was equal throughout the height of the specimen due to the force equilibrium. As 298 
a result, the axial stress of the non-wrapped concrete ( 2 ) was higher than that of wrapped 299 
concrete ( 1 ), as shown in Fig. 7 (a). The difference continued to increase since more and more 300 
non-wrapped concrete spalled off. Thus, a smaller cross-sectional area remained. With the 301 
assumption of the same stress-strain path as shown in Fig. 7 (a), the axial strain of non-wrapped 302 
concrete was higher than that of wrapped concrete. Therefore, stress localization occurred 303 
within non-wrapped region for all types of partially FRP confined concrete.    304 
 305 
4 Discussions on Confinement Effectiveness  306 
Many studies adopted a confinement effectiveness coefficient, ek , to account for the reduced 307 
confinement effect for partially confined concrete. The confinement effectiveness coefficient 308 
was found to be different in different studies and was obtained mostly based on the regression 309 
analysis of test results from steel confined concrete [26-27, 41-44]. Iyengar et al. [41] studied 310 
the stress-strain behaviour of normal strength concrete confined with steel spirals. The 311 
confinement was found to be effective only when the pitch of spirals was less than the diameter 312 
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of the confined concrete. Afterwards, Martinez et al. [42] stated that the conclusion was also 313 
applicable for high strength concrete confined with steel spirals. A confinement effectiveness 314 
coefficient ( )d/s1− was suggested, in which s indicates the vertical spacing between 315 
neighbouring steel spirals, and d  indicates the diameter of confined concrete [42]. By using 316 
this coefficient, a linear relationship exists between the strength increase and spacing to 317 
diameter ratio ( d/s ). Nevertheless, several studies revealed that the strength increase is not 318 
proportional to the d/s ratio for both actively and passively confined concrete [43-44]. As a 319 
result, inaccurate predictions could be obtained by using this confinement effectiveness 320 
coefficient. Ahmad and Shah [26] later investigated the influence of vertical steel hoop spacing 321 
on the stress-strain behaviour of concrete. It was observed that the confinement was negligible 322 
when the vertical spacing exceeded 1.25 times the diameter of the confined concrete, and a 323 
confinement effectiveness coefficient ( )d25.1/s1−  was suggested.   324 
 325 
Sheikh and Uzumeri [27] assumed that the reduced confinement effect between neighbouring 326 
transverse reinforcement can be considered through the arching action assumption: a parabola 327 
is assumed to separate the effectively confined concrete and ineffectively confined concrete, 328 
as shown in Fig. 8. The ineffectively confined concrete is assumed to receive no confinement, 329 
while the effectively confined concrete is assumed to be uniformly confined. Based on this 330 
assumption, a confinement effectiveness coefficient ( )2d2/tans1 − was suggested for 331 
concrete confined by steel hoops. The arching angle   was considered to be 45º, which was 332 
developed by the regression analysis of the experimental results. It is clear that the variation of 333 
arching angle can significantly influence the confinement effectiveness coefficient, especially 334 
for concrete confined with sparse transverse reinforcement [45]. Moreover, in addition to the 335 
arching angle , the three other parameters ( ,  and  ) were also proposed in the regression 336 
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analysis. Even though good prediction results could be obtained, the accuracy of this 337 
confinement effectiveness coefficient cannot be fully verified, since the close prediction may 338 
be achieved because of counteracting errors in the four different parameters [45]. By using this 339 
confinement effectiveness coefficient, the confinement could be neglected when the vertical 340 
spacing of transverse reinforcement is more than two times the diameter of confined concrete 341 
[43].  342 
 343 
Few analytical studies also focused on the influence of spacing to diameter ratio ( d/s ) on the 344 
confinement effectiveness of concrete columns [43-44, 46-48]. An elastic analytical solution 345 
was developed by Chen and Mau [46] for circular concrete columns with transverse 346 
reinforcement. The confinement effectiveness is quantified as a function of spacing to radius 347 
ratio ( r/s , in which r indicates radius of confined concrete). The confinement effectiveness is 348 
virtually negligible when the vertical spacing between neighbouring transverse reinforcement 349 
is as large as the diameter of the confined concrete. Elastoplastic analysis was later carried out 350 
by Eid and Dancygier [43] to investigate the confinement effectiveness of circular columns 351 
with transverse reinforcement. It was reported that the confinement effectiveness can be 352 
observed only if the vertical spacing between neighbouring transverse reinforcement is less 353 
than the diameter of the confined concrete. Also, the comparisons between the analytical and 354 
experimental results indicate that the empirical arch assumption is limited to the practical range 355 
of vertical spacing between neighbouring transverse reinforcement on which it is based [43].  356 
 357 
Based on the experimental observations as well as the review of existing literature, it is 358 
suggested that the widely used empirical arch assumption can also be adopted for partially FRP 359 
confined concrete [29, 43]. However, a confinement effectiveness coefficient needs to be 360 
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proposed to represent the behaviour of passively/FRP confined concrete [43-44, 47-48]. In this 361 
study, a confinement effectiveness coefficient ( )2d/s1− is suggested for partially FRP 362 
confined concrete. The confinement effectiveness can only be observed when the spacing is 363 
less than the diameter of the confined concrete ( ds  ), while the confinement effect would be 364 
negligible when the spacing is not less than the diameter of the confined concrete ( ds  ), which 365 
conforms with previous experimental results (as proved in Figs. 4 and 5) and analytical 366 
investigations [47-48].  367 
 368 
5 Proposed Stress-Strain Model 369 
The proposed stress-strain model is an extension of Lam and Teng model [1] with the 370 
introduction of the suggested confinement effectiveness coefficient ( )2d/s1− . Lam and Teng 371 
[1] model is one of the widely used models for the prediction of the ultimate capacity of FRP 372 
confined concrete and has been extended for square and rectangular FRP confined concrete [2, 373 
16]. The ACI 440.2R-08 [30] has adopted Lam and Teng [1-2] models for the prediction of the 374 
ultimate capacities of circular and noncircular FRP confined concrete. Based on the Lam and 375 
Teng [1] model, the following equation is proposed to calculate the ultimate strength of 376 
partially FRP confined concrete:  377 











+=  (1) 
                                             rup,hffa,l E
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f =  (2) 
where ccf  is the ultimate compressive strength of confined concrete; cof  is the unconfined 378 
compressive strength of concrete; f is the confinement effectiveness coefficient, which can 379 
be expressed as ( )2d/s1− for partially FRP confined concrete; a,lf  is the actual lateral 380 
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confining pressure; f  is the volumetric ratio of FRP; fE  is the elastic modulus of FRP; and 381 
rup,h  is the actual hoop rupture strain of FRP.  382 
The ultimate strain model in Lam and Teng [1] is also extended to partially FRP confined 383 
concrete by introducing the proposed confinement effectiveness coefficient ek :  384 

































where cc  is the ultimate compressive strain of confined concrete; and co  is the unconfined 385 
compressive strain of concrete.  386 
 387 
6 Assessment of Stress-strain Models 388 
6.1 Experimental Database 389 
A database containing test results of 76 partially FRP confined concrete was compiled (Table 390 
3). It is noted that for the short specimens tested in this study, the wrapping scheme was 391 
different from the typical wrapping scheme. Moreover, the test results may be influenced by 392 
the end constraints. Therefore, the current test data were not used in developing and assessing 393 
the stress-strain models in the subsequent section. In this database, the concrete and FRP 394 
properties, amount of FRP, FRP strip gap, FRP strip width, peak axial stress, and corresponding 395 
axial strain were included. The diameter of the specimens varied from 100 to 200 mm. The 396 
unconfined concrete strengths varied from 23 to 54 MPa. All specimens were not internally 397 
reinforced. Types of FRP included CFRP, GFRP and Basalt Fibre Reinforced Polymer (BFRP), 398 
while 67 specimens were confined with CFRP. In all cases, the FRP was wrapped onto the 399 
specimens with the fibres in the hoop direction. During these tests, 62 specimens experienced 400 




6.2 FRP Hoop Rupture Strain 403 
Fig. 9 shows the relationship between the strain efficiency factor ( frprup,h /  ) and the actual 404 
confinement ratio (
coa,lf f/fk  ). A large scatter of the data was observed. The average strain 405 
efficiency factor was calculated to be 0.594, which was close to the strain efficiency factor of 406 
0.55 that was suggested by ACI 440.2R-08 [30]. Moreover, for lightly partially FRP confined 407 
concrete, premature hoop rupture is more likely to occur with much lower hoop strains than 408 
the nominal ultimate tensile strain. For example, the three specimens with less amount of FRP 409 
confinement failed with a maximum strain efficiency factor of 0.34 only.  410 
 411 
6.3 Statistical Methods of Verification 412 
The performance of the proposed stress-strain model was compared with the existing models 413 
listed in Table 4. As for the model proposed by Barros and Ferreira [11], only unconfined 414 
concrete strength within 16 MPa to 32 MPa can be evaluated. Therefore, Barros and Ferreira 415 
[11] model was evaluated by using the available test results (16-32 MPa) of the database. The 416 
accuracy was evaluated by using two statistical indicators: average absolute error (AAE) and 417 
mean square error (MSE). The AAE and MSE indicators are determined by Equations (4) and 418 


































A total of 62 data points were plotted to assess the performance of existing strength models 420 
and the proposed strength model. Fig. 10 shows the comparisons between these selected 421 
strength models. Based on the two statistical indicators, the proposed strength model provides 422 
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the best ultimate strength prediction, followed by the models of Pham et al. [20] and FIB [33]. 423 
It can also be seen that un-conservative predictions are obtained by using other existing models, 424 
while a conservative prediction is obtained by using the proposed model. Based on the 425 
comparison results, it is evident that the Lam and Teng [1] model can be successfully extended 426 
to provide accurate ultimate strength predictions for partially FRP confined concrete, when 427 
appropriate confinement effectiveness coefficient is included.  428 
Fig. 11 shows the comparisons between different ultimate strain models. In general, the 429 
prediction accuracy on the ultimate strain is significantly lower than the prediction accuracy 430 
on the ultimate strength. The proposed ultimate strain model provides the best ultimate strain 431 
prediction, followed by the FIB [33] model and Barros and Ferreira [11] model. Even though 432 
reasonable accuracy can be obtained by using FIB [33] model, it may not be appropriate to use 433 
this model for ultimate strain prediction, since the effective hoop rupture strain was not taken 434 
into consideration in the model, as shown in Table 4. Moreover, the existing ultimate strain 435 
models failed to capture the unique characteristic of partially FRP confined concrete, that is, 436 
strain localization within the non-wrapped regions. It is recommended that a more accurate 437 
ultimate strain model be proposed to account for the non-uniform strain distribution along the 438 
height of the partially FRP confined concrete. 439 
 440 
7 Conclusions  441 
Based on the experimental and analytical investigations presented in this study, the following 442 
conclusions can be drawn: 443 
1. The failure modes of partially FRP confined concrete differ with different strip gaps. For 444 
specimens with relatively small strip gaps, the failures are caused by the rupture of FRP strips. 445 
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For specimens with relatively large strip gaps, the failures are caused by the crushing of non-446 
wrapped concrete.  447 
2. The performance of partially FRP confined concrete significantly decreases with the increase 448 
of the strip gap. When the strip gap exceeds the diameter of the specimens, the confinement 449 
effectiveness becomes negligible even though a high FRP volumetric ratio is applied.  450 
3. Based on the value of the FRP strip gap, the axial load-axial deformation behaviours of 451 
partially FRP confined concrete can be categorized into four different types. Moreover, the 452 
axial stress-axial strain behaviours of wrapped and non-wrapped concrete are different. Stress 453 
unloading occurs within the wrapped region for specimens with relatively large strip gaps, and 454 
significant strain localization can be observed within the non-wrapped region.  455 
4. A confinement effectiveness coefficient is proposed based on the experimental observations 456 
and an extensive literature review. Afterwards, a stress-strain model is developed by 457 
considering the proposed confinement effectiveness coefficient into the widely used Lam and 458 
Teng [1] model. The developed stress-strain model has been found to provide better predictions 459 
than other existing models.  460 
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Table 1. Test Matrix 646 
Specimen  Strip width w  Strip gap s  d/s  Number of FRP layers FRP volumetric ratio f  
S0-I, II 100.0 0 0 3 0.02 
S25-I, II 87.5 25 0.25 4  0.02 
S35-I, II 82.5 35 0.35 4  0.02 
S50-I, II 75.0 50 0.50 4  0.02 
S75-I, II 62.5 75 0.75 5 0.02 
S100-I, II 50.0 100 1.00 6 0.02 
S125-I, II 37.5 125 1.25 8 0.02 
S150-I, II 25.0 150 1.50 12 0.02 
S200-I, II 0.0 200 2.00 0 0.00 

















Table 2. Experimental Results 662 
Specimens uP  (kN) ccf (MPa) u  (mm) cc (%) frp,h (%) −P  relationship 
S0-I 1126 143.4 11.06 3.74 1.54 A 
S0-II 1036 131.9 11.41 3.51 1.52 A 
S25-I 871 110.1 10.52 2.52 1.20 A 
S25-II 825 105.0 10.54 2.30 1.21 A 
S35-I 695 88.5 31.45 1.46 1.23 B 
S35-II 643 81.9 28.90 1.62 1.24 B 
S50-I 367 46.7 3.26 0.31 0.20 C 
S50-II 392 49.9 3.78 0.42 0.29 C 
S75-I 326 41.5 1.10 0.21 0.05 D 
S75-II 346 44.1 0.96 0.20 0.06 D 
S100-I 332 42.3 0.76 0.24 0.04 D 
S100-II 315 40.1 0.81 0.17 0.03 D 
S125-I 319 40.6 0.98 0.32 0.05 D 
S125-II 323 41.1 0.95 0.17 0.04 D 
S150-I 313 39.9 0.75 0.25 0.04 D 
S150-II 306 39.0 0.81 0.19 0.04 D 
S200-I 278 35.4 0.83 - - D 
S200-II 286 36.4 0.88 - - D 
31 
 
Note: uP  is the peak axial load; ccf  is the peak axial stress; u  is the axial deformation at peak 663 
load uP ; cc  is the axial strain of FRP strips at peak stress ccf ; frp,h  is the hoop strain of FRP 664 
strips at peak stress ccf ; P is the axial load; and is the axial deformation.  665 
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1 Pham et al. [20] 300 150 54 0.23 GFRP 1.40 582 29.5 1.97 1.59 25 25 1.02 5.43 1.02 
2 Pham et al. [20] 300 150 54 0.23 GFRP 1.40 582 29.5 1.97 1.61 25 25 0.98 5.48 0.98 
3 Pham et al. [20] 300 150 54 0.23 GFRP 1.40 582 29.5 1.97 1.34 25 25 0.95 4.43 0.95 
4 Pham et al. [20] 300 150 54 0.23 CFRP 1.80 2157 133 1.62 1.18 25 25 1.59 6.87 1.59 
5 Pham et al. [20] 300 150 54 0.23 CFRP 1.80 2157 133 1.62 1.18 25 25 1.76 8.91 1.76 
6 Pham et al. [20] 300 150 54 0.23 CFRP 1.80 2157 133 1.62 1.42 25 25 1.78 9.22 1.78 
7 Pham et al. [20] 300 150 54 0.23 CFRP 2.70 2157 133 1.62 1.21 25 25 2.09 13.91 2.09 
8 Pham et al. [20] 300 150 54 0.23 CFRP 2.70 2157 133 1.62 1.29 25 25 2.19 14.13 2.19 












































































































































































300 150 23 0.25 CFRP 0.88 3250 230 1.46 0.60 60 40 1.98 8.36 1.98 
52 
Campione et al. 
[19] 
300 150 43.75 0.2 BFRP 0.05 2100 90 2.8 1.54 100 60 1 1.13 0.85 
53 
Campione et al. 
[19] 
300 150 43.75 0.2 BFRP 0.05 2100 90 2.8 1.54 100 60 0.94 1.1 0.85 
54 
Campione et al. 
[19] 




Campione et al. 
[19] 
300 150 43.75 0.2 BFRP 0.16 2100 90 2.8 1.54 100 60 1.05 1.05 1.05 
56 
Campione et al. 
[19] 
300 150 43.75 0.2 BFRP 0.16 2100 90 2.8 1.54 100 60 0.98 1.1 0.98 
57 
Campione et al. 
[19] 
300 150 43.75 0.2 BFRP 0.16 2100 90 2.8 1.54 100 60 0.94 1.05 0.94 
58 Wang [49] 400 200 35.35 0.28 CFRP 0.17 4330 237 1.7 0.59 30 30 1.17 2.04 0.85 
59 Wang [49] 400 200 35.35 0.28 CFRP 0.17 4330 237 1.7 0.59 30 30 1.17 2.04 0.85 
60 Wang [49] 400 200 35.35 0.28 CFRP 0.33 4330 237 1.7 1.12 30 30 1.56 1.88 1.56 
61 Wang [49] 400 200 35.35 0.28 CFRP 0.33 4330 237 1.7 1.12 30 30 1.56 1.88 1.56 
62 Wang [49] 400 200 35.35 0.28 CFRP 0.50 4330 237 1.7 1.23 30 30 2.03 2.43 1.56 
63 Wang [49] 400 200 35.35 0.28 CFRP 0.50 4330 237 1.7 1.23 30 30 2.03 2.43 1.56 
64 Wang [49] 400 200 35.35 0.28 CFRP 0.33 4330 237 1.7 1.18 40 40 1.56 4.07 1.56 
65 Wang [49] 400 200 35.35 0.28 CFRP 0.33 4330 237 1.7 1.18 40 40 1.56 4.07 1.56 
66 Wang [49] 400 200 35.35 0.28 CFRP 0.33 4330 237 1.7 1.05 50 30 1.7 1.08 1.56 
67 Wang [49] 400 200 35.35 0.28 CFRP 0.33 4330 237 1.7 1.05 50 30 1.7 1.08 1.56 
68 Wang [49] 400 200 35.35 0.28 CFRP 0.33 4330 237 1.7 1.03 60 90 1.21 1.19 0.85 
69 Wang [49] 400 200 35.35 0.28 CFRP 0.33 4330 237 1.7 1.03 60 90 1.21 1.19 0.85 
70 Wang [49] 400 200 35.35 0.28 CFRP 0.17 4330 237 1.7 0.77 70 80 1.21 1.63 0.85 
71 Wang [49] 400 200 35.35 0.28 CFRP 0.17 4330 237 1.7 0.77 70 80 1.21 1.63 0.85 
72 Wang [49] 400 200 35.35 0.28 CFRP 0.33 4330 237 1.7 1.16 70 80 1.33 1.04 1.33 
73 Wang [49] 400 200 35.35 0.28 CFRP 0.33 4330 237 1.7 1.16 70 80 1.33 1.04 1.33 
74 Wang [49] 400 200 35.35 0.28 CFRP 0.50 4330 237 1.7 1.15 70 80 1.51 0.78 1.51 
75 Wang [49] 400 200 35.35 0.28 CFRP 0.50 4330 237 1.7 1.15 70 80 1.51 0.78 1.51 
76 Yang [50] 450 150 27.4 0.2 CFRP 0.17 3400 240 1.8 1.12 50 50 1.66 3.97 1.66 
77 Yang [50] 450 150 27.4 0.2 CFRP 0.17 3400 240 1.8 1.10 50 50 1.68 3.85 1.68 
Note: H is the specimen height; d is the specimen diameter; cof is the unconfined concrete strength; co is the corresponding axial strain at unconfined concrete 
strength; t is the thickness of FRP jacket; frpf is the ultimate tensile strength of FRP determined by coupon test; frpE is the elastic modulus of FRP; frp is the 
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ultimate tensile strain of FRP determined by coupon test; frp,h is the actual hoop rupture strain of FRP; w is the FRP strip width; s is the FRP strip gap; ccf is 














Table 4. Summary of Existing Stress-Strain Models for Partially FRP Confined Concrete 
Model ek  Ultimate strength Ultimate strain 
Effective hoop 
rupture strain 
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Fig. 5. Influence of s/D ratio on the P2/P1 ratio (Note: s/D indicates spacing to diameter ratio; 
P2/P1 indicates load enhancement ratio, in which P1 and P2 indicate the ultimate loads for 









































(a) S0  (b) S25  
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(e) S75  (f) S100  






























































































































































(g) S150  
Fig. 6. Axial load-strain relationships (strain gauge readings were taken from FRP strips)  
  

































(c) Specimens with Type C behavior (d) Specimens with Type D behavior 
Fig. 7. Axial stress-axial strain behaviors of wrapped and non-wrapped concrete (1 indicates 
the stress-strain behavior of wrapped concrete, and 2 indicates the stress-strain behavior of 
non-wrapped concrete; 1  and 2  indicate the axial stress of wrapped and non-wrapped 
concrete, respectively, at the same time) 
 






















































































































Saadatmanesh et al. (1994) 
Experimental strength enhancement ratio ¦cc/¦co
AAE=44.4%
MSE=25.2%
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Wu et al. (2006)


































Experimental strength enhancement ratio ¦cc/¦co
Barros and Ferreira (2008)
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Pham et al. (2015)

















































































Experimental strain enhancement ratio cc/co
Saadatmanesh et al. (1994) 
 
 









































































Experimental strain enhancement ratio cc/co
 
 


































Experimental strain enhancement ratio cc/co
Barros and Ferreira (2008)
 
 
































Experimental strain enhancement ratio cc/co
AAE=58.5%
MSE=75.6%
Pham et al. (2015)
 
 


































Experimental strain enhancement ratio cc/co
Proposed model
 
 
